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ABSTRACT 
The  energy band d iagram of n-St in aqueous  2M KOH is constructed by  the measured  open-circuit potential and  the 
f latband voltage. A photocurrent suseeptivity method  was  proposed to determine the flatband voltage. A flatband voltage 
of - 1.04 V /SCE (saturated calomel electrode) for the n-St in 2M KOH was  determined by  this new method.  The  energy band 
d iagram of the p-St in the same electrolyte is also constructed. Accumulat ion  of carriers at the n -S i /KOH interface is 
predicted by  the band d iagram and conf i rmed by  the ohmic-contact-l ike I-V curve. Depletion of carriers at p -S i /KOH 
interface is predicted by  the band d iagram and conf i rmed by the rectifying I-V characteristics. The  passivation of Si under  
anodic bias is attributed to the formation of an oxide film. The  competit ion between the oxidation rate and  the diffusion 
rate of oxidation product determines whether  the anodic oxidation is an etching or passivation process. The  etching 
oxidation is assumed to be dominated  by  the electrochemical reaction. The  transport of these carriers wh ich  participate in 
the electrochemical reaction can be explained by  the energy band diagram. All etching or passivation phenomena are 
consistent wi th  the prediction f rom the band d iagram viewpoint. The  etch stop for heavily doped Si is attributed to the 
enhanced growth  rate of oxide film under  high carrier concentration. 
The  energy band d iagram of the semiconductor  electrode 
is a useful tool for understanding transport phenomena of 
the carriers in the electrochemical reaction, such as 
eleetrodeposition or electroless deposition of metal  onto 
semiconductor; selective etching and  decomposit ion of the 
semiconductor  electrode. I-~ To construct the energy band 
d iagram of Si in aqueous  KOH,  wh ich  is involved in the 
anisotropic etching reaction, is useful in understanding 
the carrier-transport phenomena as well as the etching 
mechan ism.  
The  anisotropic etching of Si in the alkaline electrolyte 
has long been recognized and  employed  in the fabrication 
of microstructures such as d iaphragms,  6-8 cantilever 
beams,  ~ grooves, I~ etc. These mierostructures are important 
in the manufacture  of mierosensors and  microactuators 
wh ich  can be integrated in a single chip. The  widespread 
application of the anisotropie etching techniques ca]is for 
the construction of the quantitative energy band d iagram 
of Si in the alkaline electrolyte to describe the transport of 
carriers during etching. Palik et al., 11.~2 and Ozdemir  and  
Smi th  ~3 qualitatively explained the I-V behaviors of Si in 
KOH by using a simple qualitative energy band diagram. 
Seidel et al. 14 constructed the energy band d iagram of Si in 
the alkaline electrolyte by  aligning the Fermi  level between 
the Si and  the electrolyte. They  attributed the Fermi  level 
of electrolyte (HzO/OH- )  to be 0.8 V /NHE (normal hydro-  
gen electrode) wh ich  is the standard redox potential mod i -  
fied by  the Nernst  equation. Sundaram and Chang also 
constructed the energy band d iagram of Si in hydrazine to 
give a qualitative explanation of the different I-V behav-  
iors for n- and  p-type Si by  the same method.  I~ Alterna- 
tively, the Fermi  level of the electrolyte can be determined 
by  measur ing  the open-circuit potential (OCP)  with respect 
to a reference electrode (for example,  NHE)  of wh ich  the 
Fermi  level is fixed and used as a reference. 11 
In this article, the quantitative energy band d iagram of 
n-St in aqueous  KOH was  constructed f rom the measured  
OCP and  the f latband voltage. The  energy band d iagram of 
p-St in the same electrolyte also was  constructed. The  
measurement  of I-V characteristics are per formed to verify 
these energy band diagrams. Accumulat ion  of carriers at 
the n -S i /KOH interface is predicted by  the band d iagram 
and conf i rmed by the ohmic-eontaetl ike I-V curve. Deple- 
tion of carriers at the p -S i /KOH interface is predicted by  
the band d iagram and conf i rmed by  the rectifying I-V char- 
acteristics. The  passivation for Si under  anodie bias is at- 
tributed to the formation of an oxide film. The  competit ion 
between the oxidation rate and  the diffusion rate of oxi- 
dized product determines whether  the anodic oxidation is 
an etching or passivating process. The  carriers needed in 
the electrochemical reaction are explained by  the energy 
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band diagram. All observed etching or passivating phe- 
nomena are consistent with the energy band diagram. The  
etch stop for heavily doped Si is studied and  attributed to 
the enhanced growth  rate of oxide film under  high carrier 
concentration. 
Experimental 
Commerc ia l  n- and  p-St with (I00) orientation were  
used. The  resistivity of n-St was  6 to Ii ~-cm,  and  that of 
p-St was  15 to 20 ~-cm.  These samples were  degreased 
successively in boiling triehloroethane, acetone, and  
methanol.  After rinsing wi th  deionized water, the samples 
were  d ipped in HF /H20 solution to remove the native ox- 
ide. In -Ca  eutectic alloy was  pasted between the sample  
and  a copper plate to provide good contact for electrochem- 
ical measurements .  The  sample  and  copper plate were  fixed 
in a Teflon sample  holder where  the exposed area of Si was  
0.072 cm 2. Before immers ion  in the 2M KOH solution, the 
sample  was  d ipped in HF /H20 solution for several minutes, 
and  then rinsed with  deionized water. 
A conventional three-electrode cell with a Pt counter- 
electrode and  a saturated calomel electrode (SCE) was  
used. After immers ing  the sample  in the KOH solution, the 
OCP was  recorded with time. The  steady value (after 
~30 rain) was  defined as the OCP of the electrochemical 
system at equilibrium. Potent iodynamic  method  with  a 
sweep rate of 5 mV/s  was  used to measure  the I-V curves. 
The  I-V curves were  made under  illumination with a 
Philips' tungsten lamp, 60 W, positioned i0 cm f rom the 
sample. 
Photocurrent susceptivity method.--A new photocur- 
rent susceptivity method was used to find the flatband 
voltage of n-St in KOH. After the sample reached equi- 
librium, the potential of the n-St was controlled at slightly 
more anodic potential than the OCP by the potentiostat 
(RDE 4, Pine Instrument Co.). The steady current was 
recorded, referred to as the dark current, then the light was 
turned on, and the anodic current changed abruptly and 
reached a steady value which was referred to as the pho- 
tocurrent. The photocurrent susceptivity (AI) is defined as 
the difference between the photocurrent and the dark cur- 
rent. The specific voltage which makes the photocurrent 
susceptivity zero is defined as the flatband voltage. The 
increase in the anodic current of n-St under illumination 
comes from the contribution of photogenerated holes. 
There exists an electric field which separates the photogen- 
crated electrons and holes in the n-St as the energy band 
bends. The contribution of these photogenerated holes to 
the anodic current is the photocurrent susceptivity (hi). 
Since this electric field decreases as anodic bias is applied 
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to the n-St, the opportunity for recombination of the photo'- 
generated electrons and holes is enhanced. Consequently, 
the photocurrent suseeptivity decreases when the applied 
anodic bias is close to the flatband voltage. At the flatband 
voltage, the photocurrent susceptivity should be zero due 
to disappearance of the electric field. 
Results 
Open-circuit potentiaL--The OCP of n- and p-Si in 2M 
KOH was measured to be -1.25 and -0.95 V, respectively. 
These values are close to the results obtained by Palik 
et al. ~6 and Glembocki and Stahlbush. 17 The OCP shifted 
anodically from -0.95 to -0.75 V for p-St in 2M KOH un- 
der illumination, and no apparent shift of OCP was ob- 
served for n-St  under  i l lumination. These  OCP shifts are 
consistent w i th  results reported by  Ozdemir  and  Smi th .  13 
I-V curves of n- and p-St in 2M KOH.--Figure 1 shows 
the I-V curves of n- and p-St in the KOH electrolyte under 
normal room light. No apparent change of I-V curves was 
observed for the system in the dark. The passivation peak 
was similar in magnitude for both n- and p-St. The corre- 
sponding potentials of the passivation peak are -0.92 and 
-0.71 V in n- and p-St, respectively. The passivation peak 
is rounded for the n-St while sharp for the p-St. Beyond the 
passivation peak, the anodic current of the n-St increases 
slightly from 2.3 to 10 V. For the p-St, a large increase in 
anodie current and two additional peaks located at 3.7 and 
8.7 V are observed. Under the cathodic bias, the cathodic 
current increases almost linearly with cathodic bias for the 
n-St, while it saturates at -25 ~A/cm 2for the p-St. The 
inset in Fig. 1 gives a detailed view of I-V curves near the 
OCP. Before the passivation peak, the I-V characteristics 
show a linear ohmic-contact-like b havior for n-Si/KOH 
and a rectifying Schottky-contact-l ike behavior for p-St/ 
KOH. 
The effect of i l lumination on the I-V curve is shown in 
Fig. 2 and 3 for n-St and p-St, respectively. There is signif- 
icant change in the I-V curve under il lumination for the 
anodic current of the n-St, and the cathodic urrent of the 
p-St. For the n-St, the anodic current beyond the passiva- 
tion potential (PP) at -0.92 V increases and two peaks ap- 
pear at 3.7 and 8.7 V under illumination. The anodic cur- 
rent of the n-St under il lumination behaves the same way 
as the anodic current of the p-St in the dark. For p-St under 
illumination, the cathodic current does not saturate and 
increase with the cathodic bias. 
Flatband voltage.--By means of the photocurrent sus- 
ceptivity method, the flatband voltage of the n-St in 2M 
KOH was measured to be - 1.04 V as shown in Fig. 4. This 
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Fig. 2. The comparison of the I-V curves of n-Si in 2M KOH in the 
dark and illumination. 
value agrees well with the result of Glembocki and 
Stahlbush who determined the flatband voltage by the 
electrofluence and the capacitance measurements. 17 This 
value is also consistent with the flatband voltage of the 
n-St(111) in 2M NaOH obtained by photocurrent measure- 
ment with weak modulated il lumination using a lock-in 
amplifier. ~8 As the anodic bias is less than the flatband 
voltage, the energy band bends downward and the silicon is 
in accumulation phase. There are many electrons in the 
surface of silicon and the recombination probability for 
holes is high. Still a steady-state excess hole concentration 
is reached, thus some photogenerated lectron-hole pair is 
separated by the electric field and a small and nearly con- 
stant photocurrent susceptivity results. Since this electric 
field decreases as anodic bias is applied to the n-St, the 
opportunity for recombination of the photogenerated lec- 
trons and holes is enhanced. Consequently, the photocur- 
rent susceptivity decreases when the applied anodic bias is 
closest o the flatband voltage. At the flatband voltage, the 
photocurrent susceptivity should be zero due to disappear- 
ance of the electric field. As the anodic bias is increased 
further beyond flatband voltage, the energy band bends 
upward and a depletion region is formed. Most of the pho- 
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Fig. 1. The I-V characteristics for both n- and p-S1 contact to 2M 
KOH in the dark. The inset is expansion of lee curves near the OCP. 
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Fig. 3. The comparison of the I-V curves of p-Si in 2M KOH in the 
dark and illumlnation. 
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Fig. 4. The anodic photocurrent susceptivity in n-St as a function of 
the applied bias. The flalband voltage is - 1.04 V/SCE. 
togenerated lectron-hole pairs inside this depletion region 
can be separated and can contribute to the photocurrent 
susceptivity. Since the width of depletion region widens as 
the bias is increased, the photocurrent susceptivity in- 
creases with the anodic bias. 
The photocurrent susceptivity method cannot be used to 
measure the flatband voltage of the p-St in 2M KOH be- 
cause (i) the anodic photocurrent susceptivity is too weak 
to be detected and (if) the flatband voltage of p-St is more 
anodic than the passivation potential. Hence the surface of 
the p-St is passivated before the anodic bias reaches the 
flatband voltage. 
Discussion 
The energy band diagram of n- and p-St in 2M KOH.-- 
n-Si/KOH.--The nergy band of n-St bends in contact with 
aqueous KOH. Such energy band bending comes from the 
alignment of the Fermi Level between the n-St and the elec- 
trolyte. The Fermi level of the electrolyte is defined as the 
redox potential of the redox couple which is involved in the 
etching reaction. The redox couple involved in the etching 
reaction of Si in the alkaline electrolyte is OH-/H20. n,14 
The redox potential of OH-/H20 may not necessarily be 
located at its standard position due to the activity of ions. 
Thus the Fermi level of OH-/H~O varies in different alka- 
Line electrolytes. The OCP of n-St in KOH is different from 
that in other alkaline electrolytes. Therefore, the Fermi 
level of OH-/H20 in 2M KOH should be different from other 
alkaline electrolyte such as ammonia. Seidel et al. ~ and 
Sundaram and Chang t5 chose the Nernst equation to adjust 
the standard redox potential of OH-/H20 by -59 mV/pH 
for the calculation of Fermi level for the electrolyte. Based 
on our findings for the different alkaline electrolytes, this 
method seems questionable. In this article, the Fermi level 
of the electrolyte wh ich  is aligned with the Fermi  level of 
the semiconductor  at equil ibrium is obtained by  measur-  
ing the OCP of the semiconductor  electrode in the 
electrolyte.1 
To construct the energy band d iagram of the semicon-  
ductor, the location of the conduct ion bandedge at the in- 
terface (E J ,  that is the built-in voltage of the semiconduc-  
tor, should be determined, too. This E~ can be determined 
f rom the measurement  of the flatband voltage. At  the flat- 
band  voltage, the energy band bend ing disappears and  E0~ 
is located above the Fermi level by q4~. The magnitude of 
qqb~ can be calculated from the doping concentration. The 
potential drop across the Helmholtz double layer can be 
estimated from the absorbed charges density. Morrison 19 
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Fig. 5. The energy band diagram of n-St contacts to 2M KOH (a) at 
the flatband bias and (b] at equilibrium. The scale shown is referred 
to the SCE. The triangle indicates the position of the passivation 
potential (PP). 
has estimated that the potential drop for 1016 charge/m 2 
absorbed on metal or insulator surface is only -0.016 V. 
Therefore, we assume that most of the potential drop at 
equilibrium falls on the semiconductor, the energy band 
bending for the n-St at equilibrium can be determined from 
the knowledge of the OCP and the flatband bias voltage. 
Energy band diagrams for n-St in 2M KOH at equi- 
l ibrium and at flatband bias are illustrated in Fig. 5. From 
the measured flatband voltage -1.04 V, and the OCP, 
-1.25 V, at equilibrium, the energy band of the n-St bends 
0.21 eV downward at the interface (Fig. 5b). Thus, the sur- 
face of n-St is accumulated with electrons. This accumula- 
tion of majority carriers leads to the formation of ohmic 
contact between -St and KOH. 
p-Si/KOH.--Since the electron affinity • should be the 
same for both n-St and p-St in the same electrolyte, the 
energy band diagram of the p-St in 2M KOH can be con- 
structed by measuring the OCP without any knowledge of 
the flatband voltage. The energy band diagram of p-Si in 
2M KOH at equilibrium together with flatband bias are 
shown in Fig. 6. A flatband voltage of -0.44 V is obtained. 
At equilibrium, the energy band of the p-Si in KOH bends 
downward by 0.49 eV, which means apotential barrier near 
the interface is formed. The magnitude of energy band 
bending qbs in Fig. 6b is less than 2qb~. This shows that the 
surface of p-St is not yet in strong inversion. Characteristic 
potentials are summarized in Table I. 
The bY Characteristics 
The I-V characteristics before passivation.--With the aid 
of energy band diagrams, the difference between I-V char- 
acteristics of n-St and p-St in 2M KOH can be explained. 
By ignoring the occurrence of the passivation at the anodic 
bias, (passivation changes the structure from Si/electrolyle 
to St/oxide/electrolyte) he transport of free carriers and 
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Fig. 6. The energy band diagram of p-St contacts to 2M KOH (a) at 
the flatband bias and (b) at equilibrium. 
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Table I. Characteristic potentials for n- and ps i  in aqueous 2M KOH. 
OCP VFB PP PP-OCP Cs 6~ 
(V/SCE) (V/SCE) (v/seE) (V) (V) (V) 
n-Si -1.25 -1.04 -0.92 0.33 0.21 0.28 
p-Si -0.95 -0.44 -0.71 0.24 0.49 0.30 
the corresponding energy band bending with various bias 
are plotted schematically in Fig. 7 and 8. 
n-Si/KOH.--With cathodic bias, as shown in Fig. 7a, elec- 
trons flow freely from the silicon through the ohmic-like 
junction of n-Si/electrolyte and drift across the thin Helm- 
173 
holtz double layer to the electrolyte. These electrons partic- 
ipate in the following cathodic reaction 
2H20 + 2e- ---> H2 + 2 OH- [1] 
With anodic bias, electrons flow from the electrolyte to 
n-Si, and an anodic reaction occurs raising the Si to a 
higher oxidation state. It is clear from Fig. 8a, b that there 
is no potential barrier to restrict he transport of electrons 
across the n-Si/electrolyte interface with either the ca- 
thodic bias or the anodic bias. Thus, the current increases 
linearly with both the cathodic bias and the anodic bias for 
the n-Si/KOH (Fig. 7, solid). This linear I-V relation can be 
clearly observed near the OCP bias as shown in the inset in 
Eo 
Ge 
p-Si 
ca thod ic  b ias  
n-Si 
I . -.n-Si 
- -..... -- 
"""..i~};.,.::::2:.:, 
anod ic  b ias  
V-OCP f 
.•'-• t ' -~  ] (b) 
| 
Fig. 7. The transportation of 
electrons as well as the predicted 
I-V characteristics for n-Si and p- 
Si under (a) cathodic and (b) an- 
odic bias. 
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Fig. 9. The energy band diagrams of n-Si biased at the PP (a] 
before and (b) after the formation of oxide film. 
Fig. 1. A completely different I-V characteristic was ob- 
served for n-Ge in the alkaline solution, s~ The anodic cur- 
rent for the n-Ge/KOH system was found saturate at a 
small eakage current. Based on this measured I-V behavior 
for the n-Ge electrode in the alkaline electrolyte, Faust and 
Palik 2~ and Palik et al. n,~2 predicted that the anodic current 
of the n-St in KOH should also saturate at a small leakage 
current. However, it is clear from Fig. 1 that the anodic 
current does not saturate with anodie bias. This observa- 
tion is consistent with the energy band diagram of the n-St 
in KOH constructed in this article. 
p-Si/KOH.--The I-V characteristics of the p-St in 2M KOH 
can be explained by the energy band diagram constructed 
in Fig. 6. There is a potential energy barrier formed at the 
p-Si/KOH interface. This barrier estricts the current flow 
in the anodic direction only. With cathodic bias, only a 
minute amount of leakage current flows. The measured I-V 
behavior shows a small leakage with cathodic bias and a 
steep rise of current with anodic bias. This observation 
again is consistent with the prediction from the energy 
band diagram. The anodic current rises exponentially with 
the anodic bias until an oxide film forms on the surface of 
the p-Si which decreases the anodic current. The sharpness 
of the passivation peak is a result of this sharp exponential 
rise of anodic current. The relative dullness of the passiva- 
tion peak for the n-Si is the consequence of the slow linear 
rise of anodic current. 
The I-V characteristics beyond passivation.--It is well 
known that the anodic current decreases abruptly due to 
the formation of an oxide film at the surface of Si in KOH 
under an anodic bias level beyond the PP. The composition 
of the anodically formed oxide film was determined as SiO~ 
(0 -< x <- 2) by optical measurement. 22 Although the anodic 
oxide film is less dense than thermal oxide film, it is still a 
good barrier to block carriers. Formation of the oxide film 
changes the structure from St/electrolyte o Si/SiO=/elec- 
trolyte. The band diagram for n-St biased at PP before the 
oxide formation is shown in Fig. 9a and for n-St biased 
beyond the PP after the formation of SiO= film in Fig. 9b. 
The corresponding band diagrams for p-St are plotted in 
Fig. 1(}. Since the thickness of SiO= and the band offset 
between SiOz and Si is uncertain, only qualitative band 
diagrams can be plotted in Fig. 9b and 10b. The energy 
band bends upward for both n- and p-St with anodic bias 
greater than PP. The surface of the n-St changes from elec- 
trons accumulation at equilibrium to depletion as the an- 
odic bias rises and reaches inversion as a layer of holes is 
formed at the SiO=/Si interface. The surface of the p-St 
remains at hole accumulation as the anodic bias rises be- 
coming degenerate at large biases. The formation of a hole 
accumulation layer in p-St and a hole inversion layer in 
n-St are consistent with the following electrochemical re- 
action for oxide film formation 12 
I I I I 
-Si-Si- + OH- + h + --~ -Si-O-Si- + t/2 H2 [41 
1 1 I I 
Faust and Palik 21 found that the oxide film grew more by 
increasing the anodic bias to 10 V. This suggests that the 
anodie current of both n- and p-St under anodic bias be- 
yond the passivation is due to electrochemical formation of 
the oxide film and is related to the concentration of holes at 
the interface. Therefore, a larger anodic current is expected 
for the p-Si. 
There are two additional peaks located in the I-V curve of 
the p-St at 3.7 and 8.7 V. These peaks are observed in the 
n-St under illumination. These two peaks are thought o be 
due to the tunneling of holes through the oxide film. As the 
anodic bias is high enough, the tunneling of holes through 
oxide film becomes  significant. This enhances  the growth  
rate of the oxide film and  decreases the hole tunneling cur- 
rent. Since there is a lack of holes in n-St unless under  
illumination, these two  peaks cannot be observed for n-St 
in dark  (as shown in Fig. 2). In addition, the difference 
between the first peak  and  the PP  is 4 V and  the growth  
rate of oxide formation changes f rom 6.8 to 41.7 A/V. ~i 
Both  observations are consistent with the hole tunneling 
mechan ism.  
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Fig. 10. The energy band diagrams of p-Si biased at the PP {a) 
before and {hi offer the formation of oxide film. The holes accumulate 
at the interface of Si/SiO~ under anoclic bias. 
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Illumination Effects 
Effect of illumination on the OCP.--The change of OCP 
under il lumination for n-St is different from that for p-St. 
There is only a small change of OCP for the n-St under 
illumination. However, there is a clear shift of OCP in the 
anodic direction for the p-St under illumination. The en- 
ergy band bends downward near the interface for both n-St 
and p-St, as shown in Fig. 5b and 6b. For the p-St, there 
exists a potential barrier and a depletion region near the 
interface. For the n-St, there is an accumulation layer at 
the interface. Thus, for the p-St, the photogenerated carri- 
ers inside the depletion region can be separated by the in- 
ternal built-in electric field with little recombination and 
the quasi-Fermi level is split. The OCP for p-St then shifts 
in the anodic direction under illumination due to the re- 
duced band bending. As for the n-St, the photogenerated 
electron-hole pairs recombine again inside the accumula- 
tion region due to the presence of a great number of elec- 
trons inside this region. Thus the OCP for n-St should have 
little change under illumination. 
Effect of illumination on I-V.--It is clear from Fig. 2 and 
3 that the obvious changes of the I-V cu~e under illumina- 
tion are the anodic current for the n-St and the cathodic 
current for the p-St. These changes can also be understood 
through energy band diagrams. Since there is no barrier to 
restrict he current flow in both the anodic and cathodic 
directions for the n-Si/KOH contact, little changes of the 
I-V curve for the n-St under illumination should be ex- 
pected. This prediction is further confirmed experimen- 
tally by the measured I-V curve before passivation poten- 
tial as shown in Fig. 2. The structure changes from 
n-Si/electrolyte o n-St/oxide/electrolyte du  to the forma- 
tion of the oxide film after passivation occurs. This forma- 
tion of an oxide barrier and further increase of the anodic 
bias accumulates photogenerated holes at the oxide/St in- 
terface under illumination. These photogenerated holes 
contribute to the anodic current in the same way as the 
accumulation of holes for the p-St in the dark. 
For the p-St contact o a KOH electrolyte, there is only a 
saturated leakage current flowing under cathodic bias in 
the dark. The high photogeneration rate splits the quasi- 
Fermi levels of the silicon/KOH and lowers the Fermi 
level of p-St. This lowering of the Fermi level of the p-St 
reduces the built-in potential and, eventually, the potential 
barrier disappears. Without the potential barrier, the ca- 
thodic current increases linearly with cathodic bias under 
illumination. 
The Etch Mechanism of Si in KOH 
There are several existing mode ls  dealing with Si etching 
in KOH and  other alkaline electrolytes at OCP or an ap- 
plied bias. Raley et al. 23 and Seidel et al. ~4 found the elec- 
trochemical reactions dominate  in the etching reaction. 
G lembock i  and  Stahlbush 17 proposed that both chemical  
and  electrochemical reactions can coexist in the rate-deter- 
min ing  step for the etching reaction. Hence,  a l though the 
role of the chemical  reaction is still uncertain, it is clear 
that the electrochemical reaction plays an important  role 
in the etching reaction. By  using the energy band diagram, 
the transport of carriers dur ing the electrochemical reac- 
tion can be understood and  the etch stop mechan ism be- 
comes  clear. 
Etch ing  and  pass ivat ion . - -Both  etching and  passivation 
of the Si in the alkaline electrolyte are the result of Si oxi- 
dation. The  competit ion between the oxidation rate and  the 
diffusion rate of oxidation products to the electrolyte de- 
termines whether  the anodic oxidation is an  etching or pas- 
sivating process. There exists a critical oxidation rate to 
build up  an oxide film at the surface of the St. If the oxida- 
tion rate is smaller than the critical ]:ate, the oxidation 
products have sufficient t ime to diffuse into the electrolyte, 
and  the etching process occurs. However ,  if the oxidation 
rate is greater than the critical rate, there is not enough 
t ime for the oxidized products to diffuse into the elec- 
trolyte, and  an  oxide film is built up  at the surface of the Si 
and passivation occurs. 22 As a consequence, the passivation 
is due to the oxide formation rather than breaking of the 
electron sequence for the reduction oxidation cycle by 
holes. 24 In addition, the shift of passivation potential to 
cathodic direction under illumination can be understood as 
the enhancement of oxide film formation rate due to photo- 
generated holes. 
Etching at the OCP.--Electrochemical etching occurs 
even at the OCP. 12 Allongue et al. 2~ proposed that the elec- 
trochemical oxidation contributes only a small fraction of 
the net oxidation rate at the OCP. However, Palik et al. 12 
show that two H2 molecules evolve per Si atom etched by 
measuring the amount of hydrogen evolution during the 
etching of Si in aqueous KOH. These 2H2 molecules hould 
be liberated by either the reduction of H20 or OH and four 
electrons must be consumed in the reaction. Thus, to treat 
the etching of Si at OCP as purely a chemical reaction with 
no electrochemical reaction involved is inappropriate. 
Therefore, the electrochemical reaction mode l  proposed by 
Seidel et al. i~ is adopted in this article. In this model,  an  Si 
a tom with dangl ing bonds  is attacked by  OH-  to liberate 
two electrons as follows 
/Si... +20H-  
Si " 
Si~si/OH+ 2e 
Si/~\(~H 
[5] 
As  indicated in the equil ibrium energy band d iagram of 
Si (Fig. 5b and  6b), there is no  restriction of electrons flow- 
ing f rom both n-St and  p-St to the electrolyte. It is well 
known that the -OH is an electron w i thdrawing  group 
wh ich  weakens  the back  St-St bond ing  of this partially 
charged St. On  further attack by  the additional OH- ;  a sol- 
uble silicate 26 forms to complete a Si a tom etching process 
and  two  more  electrons are liberated. Consequently, four 
electrons are liberated during a complete Si etching reac- 
tion, and  two  H2 are generated by  the reduction of H20  as 
indicated in Eq. i. This k ind of s imultaneous reduction-ox- 
idation at a single spot is often encountered. For  example,  
a pitting corrosion occurs for stainless steel in NaC l  solu- 
tion where  the active site suffers anodic corrosion while the 
surrounding area acts as a cathodic reaction site. 27 
Etch stop mechanism in heavily doped silicon.--A1- 
though the technique of etch stop in heavily doped Si is 
widely used in device manufactur ing,  the mechan ism of the 
etch stop is still not clear. Palik et al. 11 attribute the reduc- 
tion of the etching rate in heavily doped Si to the formation 
of an oxide film. F rom ellipsometric measurements ,  a spon- 
taneously fo rmed oxide film was  found in the p-St wi th the 
boron doping concentration greater than 1 x I019/cm 3 and  
a prepassive layer was  found  in heavily phosphorus -doped 
n-St. Raley et al. 23 found  that the etch rate decrease is sen- 
sitive to hole concentration and  not sensitive to atomic con- 
centration of boron  or strain. They  attributed this etch rate 
decrease to the diminished number  of electrons through 
V/SCE V /SCE 
-2.5 ~- n -S i ( lO0)  p -S i ( lO0)  "~_-2.5 
-2.0 - [ Ec- -2.0 
-1.5 ~'Ec Eff~::'" ............. Ei _=: -1 _5 
-~ o :- Ei ................ E | I--v-: -1.o 
oo  
0.0 - .-: o.0 
(a) (b) 
Fig. 11. The energy band diagrams of heavily doped (a) n-Si and 
(b) p-Si. 
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Auger recombination with holes. The lack of electrons 
stops the reduction reaction and interrupts the reduction- 
oxidation cycle. Seidel et al. 28 agree with this hole-inter- 
rupt model, and expect that etching to occur for heavily 
doped n-Si. 
In this article, the etch stop mechanism in heavily doped 
Si is attributed to the enhancement of the oxide film 
growth rate under high carrier concentration. This mech- 
anism is consistent with all experimental observations just 
described including the formation of an oxide film, and the 
role of high carrier concentration. The band diagrams of 
heavily doped n-Si and p-Si in contact with the KOH elec- 
trolyte before the formation of an oxide film are illustrated 
in Fig. 11a and b, respectively. The OCP measured for 5 • 
102~ phosphorus-doped n-Si is -1.36 V and 2.8 • 102~ 
cm ~ boron-doped p-Si is -1.00 V. z6 The built- in potential 
for 5 • 102~ 3 n-Si is reduced to 0.05 eV (about 2kT). 
Holes in the bulk Si can easily be thermally excited and 
emitted to the Si/KOH interface. These thermo-emitted 
holes can participate in the oxidation reaction and form an 
oxide film. Due to the limited number of holes, which are 
minority carriers in the n-Si, the oxidation rate is 
restricted and an incomplete prepassive film is formed 
as observed by Palik et al. n As for the heavily doped p-Si, 
the thickness of the depletion layer decreases to a few 
angstroms and the hole can tunnel through the barrier 
freely to the Si surface. Since a dense oxide film is 
formed with the assistance of these holes, the etch rate 
drops abruptly. 
Conclusion 
The energy band diagram of n-Si in 2M KOH was con- 
structed by measuring the OCP and the flatband voltage. 
The i latband voltage of n-Si in KOH is -1.04 V which was 
determined by photocurrent susceptivity method. The en- 
ergy band diagram of p-Si was constructed according to 
the assumption of equal electron affinity for both n-Si and 
p-Si in KOH. At equilibrium, the energy band bends down- 
ward near the interface for both n- and p-Si. For the n-Si, 
there exists an accumulation layer at the interface. While 
for p-Si, there exists a potential barrier and a depletion 
region near the interface. This leads to an ohmic-contact- 
like I-V characteristic for n-Si, and a Schottky-contact- 
like I-V characteristic for p-Si. Before the passivation 
peak, a linear I-V relation for n-Si and a rectifying charac- 
teristic for p-Si were observed. These characteristics are 
consistent with the energy band diagrams for Si in aqueous 
KOH. When applying an anodic bias greater than PP, the 
structure changes from Si/electrolyte to Si/oxide/elec- 
trolyte. The anodic currents of n-Si and p-Si are attributed 
to the electrochemical formation of the oxide film. Holes in 
the inversion layer of the n-Si and in the accumulation 
layer of the p-Si contribute to the oxide film formation. The 
formation of these holes can be explained clearly with the 
aid of energy band diagrams. The effect of i l lumination on 
OCP and on I-V curves of n-Si and p-Si also can be under- 
stood through the energy band model. The etching mecha- 
nisms as well as the carrier-transport phenomena of Si in 
KOH can be explained with the aid of energy band dia- 
grams. The competition between the oxidation rate and the 
diffusion rate of oxidation product determines whether the 
anodic oxidation is an etching or passivation process. The 
etchstop mechanism inheavily doped Si is attributed to the 
enhancement of the oxide film growth rate at high carrier 
concentrations. 
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LIST OF SYMBOLS 
OCP open-circuit potential 
PP passivation potential 
X electron affinity 
Ecs bot tom of the conduct ion band at interface 
Ec bot tom of the conduct ion band 
Ef Fermi  level 
El intrinsic Fermi  level 
Ev top of the valence band 
qcPf E~ - E~ 
Vc cathodic bias 
Va anodic bias 
VFB flatband voltage 
~b~ Fermi potential 
(bs built- in potential 
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